To learn more about the potential of neonatal porcine pancreatic duct and islet cells for xenotransplantation, the development of these cells when cultured as monolayers was evaluated. Immunostaining for islet hormones and cytokeratin-7 revealed that day eight monolayers consisted of approximately 70% duct cells and less than 10% beta cells. Using Ki-67 immunostaining as a proliferation marker, the fraction of beta cells in the cell cycle was shown to decrease from 20% at day three to 10% at day eight, and for duct cells from 36 to 19%. Insulin secretion increased 2.4-fold upon glucose stimulation, and 38-fold when 10 m M theophylline was added, showing the responsiveness of the neonatal beta cells. Reaggregated monolayers consisted mostly of duct cells, but 4 weeks after transplantation, grafts contained predominantly endocrine cells, with duct cells being almost absent, suggesting in vivo differentiation of duct cells to endocrine cells. Monolayer susceptibility to retroviral transduction was also investigated using a Moloney Murine Leukemia Virus-based vector. Approximately 60% of duct cells but less than 5% of beta cells expressed the transgene, indicating that precursor duct cells are better targets for transgene expression. These results show that porcine neonatal pancreatic cells can be cultured as monolayers in preparation for transplantation. Furthermore, in such a culture setting, precursor duct cells have a high rate of proliferation and are more efficiently transduced with a retrovirus-based reporter gene than are beta cells.
Introduction
Porcine pancreatic cells have been proposed as a source of insulin-producing cells that might be used as a xenograft for the treatment of human diabetes. Fetal and neonatal tissue has the advantage of a high growth capacity compared to adult pancreas. It has been shown that islet-like cell clusters derived from dispersed immature human or porcine pancreas can normalize blood glucose levels after transplantation into diabetic nude mice (Sandler et al . 1985; Otonkoski et al . 1993; Korbutt et al . 1996; Beattie et al . 1997b; Yoon et al . 1999 ). In our earlier study, porcine neonatal pancreatic cell clusters (NPCC) cultured in suspension consisted of approximately 40% duct cells, and more than 90% of these developed into insulin-producing cells after transplantation into nude mice (Yoon et al . 1999) . In spite of the promising advantages of neonatal tissue, protection of the graft from immune rejection in a xenogeneic environment remains a major obstacle.
In contrast to cell clusters in suspension, monolayer cultures may provide a better opportunity to manipulate cells before transplantation, through approaches such as growth factor addition or genetic transduction. The use of immunoprotective genes to prevent rejection is of major interest. In general, cells can be more efficiently expanded when grown as monolayers rather than as floating clusters. Monolayer cultures of porcine pancreatic cells can be used for genetic, biochemical and physiological studies that investigate pancreas development.
The main goal of the present study was to gain a better knowledge of the potential use in xenotransplantation of porcine neonatal pancreatic cells cultured as monolayers. The different cell types in the monolayer were followed for 11 days and were characterized by immunocytochemistry. Functionality of the beta cells was assessed by glucose stimulation. To investigate the possible applications of cells expanded in monolayers, we carried out retroviral transduction of the neonatal pancreatic cells with a
Preparation of porcine neonatal pancreatic cell clusters
The procedure for preparation of NPCC has been described in detail previously (Korbutt et al . 1996; Yoon et al . 1999) . Briefly, each pancreas was minced into 1-2 mm pieces and digested for 15 min with 4 mg/mL collagenase P (Boehringer-Mannheim, Indianapolis, IN, USA) and 2.5 or 5 mg/mL type V collagenase (Sigma) at 37 Њ C in a shaking water bath. After 8 min, and at the end of the digestion, the suspension was hand-shaken for an additional 1 min, filtered through a 500 µ m sieve (Newark Wire Cloth Co., Newark, NJ, USA) and washed three times with HBSS+ (190 g ; 2 min). The final suspension from each pancreas was cultured in four 150 ϫ 15 mm bacteriological plates (Becton-Dickinson, Franklin Lakes, NJ, USA) in 35 mL of F10+ at 37 Њ C in an atmosphere of 5% CO 2 .
Monolayer culture
On the day after isolation, NPCC were dispersed into single cells using a modification of a previously described method (Pipeleers et al . 1985) . NPCC from one pancreas were collected and washed two times with DM (190 g ; 2 min), suspended in 40 mL in a 75 cm 2 tissue culture flask and gently shaken (35 r.p.m.) in a water bath for 7 min at 37 Њ C. Trypsin (Sigma) and DNase (Boehringer Mannheim) were then added to obtain final concentrations of 25 and 4 µ g/mL, respectively, followed by the next incubation in a shaking water bath for 10 min. Cell clusters were broken apart three times by gentle aspiration with a 10 mL plastic pipette (Falcon; Becton Dickinson) resulting in a suspension with approximately half of the cells being single. To separate single cells from remaining clumps, the suspension was centrifuged, and as soon as the centrifuge reached 190 g , it was stopped. The supernatant with single cells was collected and spun down at 290 g for 5 min, while the pellet was again subjected to dissociation for 10 min as described above. Cells collected from the two steps of dissociation were filtered through a 100 µ m sieve, counted, and incubated for 3 h at a density of approximately 1 ϫ 10 6 cells/mL in 15 cm cell culture dishes (Nalge Nunc International, Rochester, NY, USA) in CM at 37 Њ C in a humidified atmosphere of 5% CO 2 . Fibroblasts have a tendency to attach more rapidly to the bottom of culture dishes (Rabinovitch et al . 1980 ), therefore such preincubation allowed for selective elimination of many fibroblasts. The primary cell suspension was transferred into new dishes at a density of approximately 0.4 ϫ 10 6 cells/mL and was maintained for the next 11 days with media changes on days three, six and eight after dispersion.
Insulin secretion
Eight days after dispersion, monolayers of neonatal porcine pancreatic cells were subjected to static incubation to assess glucose-induced insulin secretion. Monolayers in 25 cm 2 tissue culture flasks were washed twice with ISM and incubated for 2 h with 5.6 m M glucose, 16.7 m M glucose, or 16.7 m M glucose and 10 m M theophylline. Supernatants from each incubation were collected, spun down (420 g ; 3 min) to eliminate any floating cells and frozen before measurement of insulin with a radioimmunoassay (RIA) kit for porcine insulin (Linco, St Charles, MO, USA).
Transduction of ␤ -gal reporter gene by retroviral vector
The production of Moloney Murine Leukemia Virus (MLV)-based vector expressing the ␤ -gal reporter gene was described by Ory et al . (1996) . Briefly, concentrated vector stocks were prepared by ultracentrifugation of conditioned medium harvested 3-8 days after withdrawal of tetracycline from the stable producer cell line, GPR2nLacZ2. Viral titers were determined by infection of NIH3T3 cells. For transduction, 3 days after dispersion, monolayers of porcine neonatal pancreatic cells in 3 cm dishes were incubated for 6 h with 1 mL of serial dilutions of vector stock supplemented with 8 µ g/mL polybrene (Sigma). Mock infection was performed using the culture medium supplemented with the same concentration of polybrene. After infection and media change, the cells were cultured for 48 h and ␤ -gal expression was detected by immunostaining.
Reaggregation of monolayers and transplantation
Eight days after dispersion, monolayers were washed two times with phosphate-buffered saline (PBS) without Ca 2+ and Mg 2+ ions, and were lifted off culture dishes by a 20 min incubation at 37 Њ C with non-enzymatic dissociation solution (C-5789; Sigma).
Cells were collected, washed with CM and incubated in 2 mL CM for 1 h in two 50 mL conical tubes in a tissue culture incubator to enhance aggregation. Aggregates from one pancreas were then transferred to four 10 cm bacteriological Petri dishes and left in CM for overnight culture.
To follow their development in vivo , cell clusters were transplanted under the kidney capsule of nondiabetic Swiss Webster nude mice as described previously by Yoon et al . (1999) . Briefly, aggregates were sedimented in 200 µ L plastic pipette tips with attached PE-50 polyethylene tubing (Becton Dickinson, Sparks, MD, USA) and centrifuged to form a transplantable pellet inside the tubing. The preparations consisted of aggregates and some single cells, and therefore could not be counted. To estimate the volume of tissue for transplantation, we measured the length of the pellet and estimated the volume in terms of 150 µ m islet equivalents (IE). From our previous experiments with transplantation of NPCC, we estimated that a 10 mm pellet corresponds to 1600 IE (K. Tatarkiewicz, unpubl. data, 1999) . Pellets equivalent to approximately 3200 IE were implanted under the kidney capsule of each mouse. Four weeks after transplantation, grafts with adjacent kidney tissue were removed for histology.
Insulin and DNA content
Cells from monolayers of porcine neonatal pancreatic cells cultured for 3, 8 and 11 days in 35 mm tissue culture dishes were removed as described above. They were sonicated in acid ethanol or high salt buffer for measurement of insulin and DNA content, respectively, as described in Davalli et al . (1995) . Insulin was measured by RIA. DNA content was measured fluorometrically using the method of DyNa Quant 200 (Hoefer Pharmacia Biotech, San Francisco, CA, USA). 
Immunocytochemistry
Immunostaining of cells in monolayers and grafts was done to identify beta cells, non-beta endocrine islet cells and duct cells. Additionally, monolayers were immunostained for vimentin as a marker of fibroblasts. Ki-67 was used as a proliferation marker. The ␤ -gal reporter gene used for retrovirus transduction was detected by immunostaining. Cells in dishes were fixed with 4% paraformaldehyde in Sorensen's buffer for 15-30 min and were permeabilized for 10 min using a 0.25% solution of Triton X-100 in PBS. Reaggregated monolayers and grafts were fixed in 4% paraformaldehyde for 2 h. Cell aggregates were suspended in prewarmed 2% agar (Bacto-Agar, Difco Laboratories, Detroit, MI, USA) and were spun down at 4 Њ C to form compact pellets. These pellets and grafts were embedded in paraffin for sectioning. PBS (pH 7.4) was used to wash all preparations and to dilute the antibodies. Nonspecific binding was blocked by preincubation in a 1.5% solution of non-immune serum from the species in which the secondary antibody was raised. After this blocking step, primary antibodies were applied and incubated overnight at 4 Њ C. Table 1 presents the primary antibodies used in this study, their dilutions and sources.
Secondary antibodies conjugated with Texas Red, fluorescein isothiocyanate (FITC) or 7-amino-4-methylcoumarin-3-acetic acid (AMCA; Jackson Immunoresearch Laboratory, West Grove, PA, USA) were diluted 1:100 and applied for 1 h at room temperature. After a final wash, dishes and sections were mounted with a solution of 90% glycerol containing 0.1 M antifade agent DABCO (triethylenediamine; Sigma). The DNA fluorescent dye 4 Ј ,6-diamidino-2-phenylindole (DAPI; 1 µ g/mL) was included in this mounting solution for counting cell nuclei. For double or triple staining, primary as well as secondary antibodies were mixed for coincubation.
Cytokeratin (CK)-7 and Ki-67 immunostaining were amplified with the biotin-streptavidin method (Vector Laboratories, Burlingame, CA, USA). After overnight incubation with the primary antibody, biotinylated antimouse IgG followed by streptavidin conjugated with FITC or Texas Red was applied, each for 1 h at room temperature. If double immunostaining with either of these two antibodies was required, a two-step protocol was used, staining first for any of the other markers and later for CK-7 or Ki-67 using the amplification protocol.
For CK-7 staining on paraffin sections, antigen retrieval pretreatment was done by microwaving the slides three times for 4 min in 0.01 M sodium citrate pH 6.0, using fresh cold solution each time (Leong & Milios 1993) .
The immunofluorescently stained images were acquired on a Zeiss LSM 410 microscope (Carl Zeiss, Thornwood, NY, USA) with excitations at 488 nm for FITC, 568 nm for Texas Red and 364 nm for DAPI and AMCA. For quantification purposes, systematically taken images (approximately 20 per dish) were analyzed and 1000-2000 cells per dish were counted.
Some cellular aggregates were fixed in glutaraldehyde, embedded in plastic resin, sectioned at a thickness of 1 µm, and stained with toluidine blue.
Statistical analysis
Results are expressed as mean ± SEM. Statistical significance was assessed with the unpaired Students t-test or multiple group analysis of variance ANOVA in conjunction with the Fisher test.
Results

Cell phenotypes in porcine pancreatic cell monolayers
Immunocytochemical analysis revealed the presence of several cell phenotypes in the monolayer cultures of porcine pancreatic cells. Duct epithelial cells were recognized by their characteristic intermediate cytokeratin filaments (Yoon et al. 1999 ) that were stained with an antibody against CK-7, which has been shown to be a specific duct cell marker for pig pancreas (Bouwens et al. 1994) . After attachment to the bottom of the dish, duct cells were also easy to distinguish by their large, very flat, rounded shape with ruffled edges. They usually stayed in clusters rather than as single cells (Fig. 1A) . Beta and alpha cells were smaller and had an oval shape. Under the phasecontrast microscope, they displayed a darker cytoplasm than other cells, possibly due to insulin or glucagon granules. The endocrine cells were frequently found in limited groups, either attached to the dish surface or very often anchored in nest-like structures made by duct cells (Fig. 1A) .
Fibroblasts, identified by immunostaining vimentin filaments, were also present in the monolayers. There were two phenotypes: large, flat and spindle-like, or a smaller, comma-shaped subepithelial phenotype. Vimentin staining was also found in the ruffled edges of duct cells, a phenomenon that occurs in some cell types when cultured in monolayers. Usually, groups of fibroblasts and duct cells were growing as separate, but adjacent, homogeneous groups competing for the available surface area (Fig. 1B) .
The mean yield after the dispersion of one neonatal porcine pancreas was 1.4 ± 0.2 ϫ 10 8 single cells (n = 9). Abundant cellular debris was observed during the first 3 days of culture, which can be explained mainly by the death of exocrine cells, a phenomenon reported in our previous studies on NPCC cultured in suspension (Yoon et al. 1999) . On day one after dispersion, most of the cells were still floating, and we observed only some duct cells adhering to dishes; therefore, cultures were maintained undisturbed for 3 days, at the end of which most cells were attached and almost no live cells were found floating in the media. At this point, the monolayers of adherent cells consisted of patches of flattened duct cells, single or grouped endocrine cells and limited numbers of fibroblasts. By day eight, in most dishes monolayers reached confluence, and at day 11, cells started to build up into double layers. Over the time of the culture, there was a decline in the fraction of all epithelial cells (pancytokeratin positive, a marker of epithelial cells), including duct and endocrine cells, with a concomitant increase in the percentage of fibroblasts (vimentin positive), which by day 11 reached approximately half of the total population of cells in the monolayer (Fig. 2) . Therefore, day eight monolayers were chosen for further studies, because at this time point a large proportion of epithelial cells was still present in the culture.
Insulin and DNA content
The growth capacity of the neonatal pancreatic cells in monolayer was assessed by measuring the DNA content (Fig. 3a) . An initial notable decrease of DNA content can be mainly attributed to the death of exocrine cells, although some loss of beta and other endocrine cells can not be excluded. After this decline, a rebound of DNA content was observed, denoting cell proliferation, and by day 11, DNA content was essentially the same as at the commencement of culture. Insulin content expressed as a function of the DNA content (Ins : DNA) served as an indicator of the enrichment of the culture in beta cells. The Ins : DNA ratio remained unchanged during the first week and significantly fell at day 11 (P < 0.05 vs day eight; Fig. 3b ), at which point the fibroblast number had increased to approximately 50%. Interestingly, the number of beta and alpha cells rose approximately threefold from days three to eight and remained unchanged until day 11 (Fig. 4) . This finding is consistent with the observation that the relative contribution of beta cells to the total number of cells was not changed (P = 0.12), although there was a tendency to decrease from 10.9 ± 2.6% at day three to 6.4 ± 0.7% at day eight. Additionally, during this period of time the percentage of alpha cells decreased from 9.1 ± 1.3% to 5.1 ± 0.9% (P < 0.05). Protodifferentiated cells were detected by their costaining for insulin and glucagon, but their contribution to the total cell number was less than 3% (Fig. 4) .
Proliferation
Ki-67 is a proliferation-associated antigen, expressed in all active stages of the cell cycle. It can thus be used as a proliferation marker (Schluter et al. 1993; Starborg et al. 1996) . Using Ki-67 immunostaining (Fig. 1C) , we found that twice as many duct cells were in the replicative cell cycle as beta cells (Fig. 5) . The number of proliferating cells decreased for both cell types as they reached confluence, but was still substantial.
Insulin secretion
Neonatal pancreatic cell monolayers cultured for 8 days were used to study the responsiveness of the neonatal beta cells to glucose stimulation. The amount of insulin secreted by a monolayer in a 25 cm 2 flask during 2 h incubation in ISM with basal glucose (5.6 mM) was 4.9 ± 0.7 ng. In response to high Fig. 3 . DNA and insulin content of dispersed neonatal pancreatic cell clusters cultured for 3, 8 and 11 days. DNA content (a) was expressed as a function of the surface area of the culture dish. Insulin content (b) was presented as the function of DNA content from the same dish (n = 4 independent experiments). *P < 0.01 vs 1 day and vs 11 days; **P < 0.05 vs 8 days. Fig. 4 . Number of beta (᭜) and alpha (ᮀ) cells in the monolayer culture at day three (n = 8), day eight (n = 8) and day 11 (n = 4). Co-stained cells (᭺) represent a small population of protodifferentiated cells immunostained with both insulin and glucagon antibodies. Data are expressed as a function of the surface area of the culture dish. *P < 0.05 vs 3 days. glucose (16.7 mM) the insulin release increased 2.4-fold, and further increased up to 38-fold after supplementation with 10 mM theophylline (Fig. 6) .
Transduction of ␤-gal reporter gene by retroviral vector
The results of two separate transduction experiments on the cultured porcine pancreatic cells are summarized in Table 2 . On day three, cells were infected with a MLV-based vector at a multiplicity of infection (MOI) of 1, 10 and 100. Successful transduction events were scored by expression of ␤-gal carried within the vector. Interestingly, while approximately 20% of the beta cells were replicating (based on staining with the Ki-67 marker, Fig. 5 ), the percentage of beta cells expressing ␤-gal did not exceed 5%, even at an MOI of 100. In contrast, approximately 60% of the duct cells showed positive staining for ␤-gal despite the fact that only approximately 36% of the duct cells were replicating. Figure 7 shows immunostaining of a monolayer transduced with MLV-␤-gal at an MOI of 10. Few ␤-gal-positive beta cells can be found (Fig. 7A) , while ␤-gal-positive duct cells are much more abundant, as seen by staining of most of the duct cells in a patch (Fig. 7B) .
Reaggregation of monolayers and transplantation
Monolayers of porcine pancreatic cells were very firmly attached to the culture dishes and required a relatively long incubation time with the dissociation solution. The more common approach of using trypsin was not used in these experiments because it would impair subsequent cell aggregation, probably due to the digestion of adhesion molecules (G. M. Beattie, pers. comm.,1999) . Cells from day eight monolayers were lifted off the culture dish with a non-enzymatic solution. After an overnight culture in non-adhesive dishes, the cells formed 30-200 µm aggregates; however, some cell loss was observed. These experiments were conducted as a proof of principle, therefore no quantification of the yield, size or cell composition of the aggregates was made. Immunohistochemical analysis showed that the aggregates consisted predominantly of duct cells, with only a few insulin-positive cells (Fig. 8A) , and sometimes they Fig. 5 . Replication of beta (᭜) and duct (ᮀ) cells in the monolayer culture at days three and eight. Cells were double stained for Ki-67 (replication marker) and insulin or cytokeratin (CK-7). Cells were considered as replicating when nuclei were positive for Ki-67. The data are presented as percentage of total beta cells or duct cells counted in the dishes (n = 5 independent experiments). *P < 0.05 vs 3 days. Fig. 6 . Glucose-induced insulin release from the monolayer of porcine pancreatic cells cultured for 8 days. Separate culture flasks were incubated for 2 h at 5.6 mM glucose, 16.7 mM glucose or 16.7 mM glucose supplemented with 10 mM theophylline. Data are shown as amount of insulin released as a function of DNA content (n = 4 independent experiments). *P < 0.01 vs 16.7 mM glucose. Cells were transduced on day three and 48 h later were double stained for ␤-galactosidase and insulin or cytokeratin (CK)-7. Up to 1000 beta cells or duct cells were counted for each infection condition (n = 2 independent experiments). MOI, multiplicity of infection.
formed characteristic duct-like lumens (Fig. 8B) . Four weeks after transplantation of the aggregates into nude mice, grafts were localized under the kidney capsule as discrete white patches. Within the grafts, cells formed well-vascularized clusters, and fibrosis was sometimes seen between them (Fig. 8C) . Immunostaining for CK-7 revealed few duct cells. Further staining showed that the grafts consisted of approximately equal numbers of beta and non-beta endocrine cells (Fig. 8D) .
Discussion
This study showed that monolayers of duct and endocrine cells from the porcine neonatal pancreas maintained in culture for 11 days can undergo substantial expansion from days three to eight. During the first 3 days of culture, there was a marked decrease in DNA content, probably due mostly to death of acinar cells, a phenomenon previously reported (Korbutt et al. 1996; Yoon et al. 1999) . A decrease in the insulin content during this time period indicates that there is possibly also an important loss of beta cells, although degranulation of existing beta cells might contribute to the decrease. After stabilization of the culture at day three, the replication rate of duct cells was relatively high, accompanied by a retroviral-based transduction of the ␤-gal reporter gene into approximately 50% of these cells. During the last stage of the culture period, fibroblasts became as abundant as duct cells: if allowed to continue to grow, they would presumably have overgrown the duct cells. Nonetheless, when cells were lifted off and reaggregated after 8 days in culture, aggregates were found to consist mostly of duct cells. When transplanted into nude mice, these aggregates developed into endocrine cells. Thus, the neonatal duct cells in monolayer culture appear as an endocrine precursor, with the advantage of having a much greater proliferative capacity and better retroviral transduction efficiency than beta cells. The definition of these events in culture allows us to better understand the development of duct cells in vitro, and demonstrates the feasibility of gene transfer, which could help these cells withstand rejection after xenotransplantation. Furthermore, this culture system can be used as an in vitro model for duct cell differentiation.
We are aware of only a single published report about the monolayer culture of neonatal porcine pancreatic cells (Archer 1983) ; however, similar culture of neonatal rat cells was described more than two decades ago (Lambert et al. 1972; Chick et al. 1973 ). More recently, several studies of fetal human or porcine pancreatic tissue in monolayer cultures have been published (Mandel et al. 1982; Sandler et al. 1985; Simpson et al. 1990; Simpson et al. 1991; Korsgren et al. 1993; Kovarik et al. 1995; Beattie et al. 1996; Beattie et al. 1997b; Hayek & Beattie 1997; Yoon et al. 1999) .
It is noteworthy that some authors have not described the presence of duct epithelial cells in their monolayer cultures of human or porcine fetal pancreatic cells, while in other studies the presence of duct epithelial cells has been reported (Mandel et al. 1982; Simpson et al. 1990; Kovarik et al. 1995; Beattie et al. 1996) . This omission may be explained by the unavailability of duct cell markers at the time of the former studies or by the methods used for exclusion of contaminating fibroblasts. Fibroblasts are known to attach rapidly to the surface of culture dishes. Therefore, to eliminate them, a preincubation step of more than 12 h was used in some studies (Rabinovitch et al. 1980; Archer 1983; Montesano et al. 1983) . We wonder if such a long preincubation allowed attachment of duct cells that were then discarded with the fibroblasts. In our study, preincubation was for only 3 h, because after overnight culture, we observed multiple patches of flattened duct cells already adhered to the dish. Some authors have used specific reagents, such as iodoacetic acid (Rabinovitch et al. 1980) or thimerosal (Bratten et al. 1974) , to eliminate fibroblasts; however, these reagents could have had a toxic effect on duct cells, as we observed in our cultures exposed to thimerosal (data not shown). A negative toxic effect of iodoacetic acid and thimerosal on fetal human pancreatic cells survival in vitro has also been reported by Simpson et al. (1991) .
In our study, the DNA content of the monolayers increased fourfold from day three to day eight of culture, but the insulin : DNA ratio remained stable for 8 days, as beta cell number also increased almost fourfold. New beta cells appeared by proliferation, as demonstrated by Ki-67 staining of insulin-positive cells, but probably also by differentiation of duct cells: a morphological sign of such differentiation could be the presence of endocrine cells closely associated to duct cells. After 8 days, the number of beta cells reached a plateau, and further cell growth in the monolayer was mostly attributed to fibroblasts. Beattie et al. (1997a) observed a comparable increase of DNA in fetal human pancreatic cells cultured as monolayers on HTB-9 extracellular matrix. However, they reported a dramatic decrease in insulin content between 4 and 7 days, which might be ascribed to an increased number of precursor cells or fibroblasts, or to dedifferentiation of beta cells (Beattie et al. 1997a) . Rabinovitch et al. (1983) showed that approximately 13% of neonatal rat beta cells were incorporating 3 H thymidine. An eightfold increase of fetal porcine epithelial cell number during a 2-week monolayer culture with a 19% contribution of beta cells has also been reported, but it is difficult to appreciate the identity of the epithelial cells because staining for vimentin and cytokeratin was not done (Simpson et al. 1990) . A comparison of the rate of proliferation of endocrine and non-endocrine cells among the different studies is difficult to do because different methodologies were used, but in general, duct cells have a higher proliferation rate than endocrine cells (Lefebvre et al. 1998) . Similar results were found in a study of late gestational fetal human pancreas in which approximately 5% of duct cells but only 0.1% of beta cells were Ki-67 positive (Bouwens et al. 1997 ). Our present results based on Ki-67 immunostaining show that in neonatal porcine cell monolayers, the number of duct cells in the cell cycle is almost twice as high as that of beta cells.
Neonatal beta cells cultured for 8 days in monolayer were responsive to both glucose and theophylline. Previously, neonatal porcine islet monolayers were reported to be responsive to glucose at day six of culture, but to have lost their responsiveness by day 10 (Archer 1983), whereas neonatal porcine beta cells responded only to theophylline, with a 2.4-fold increase in insulin release compared to basal levels (Simpson et al. 1990 ). This discrepancy might be explained by the presence of nicotinamide in our studies. Nicotinamide was found by Otonkoski et al. (1993) to enhance the insulin responses of human fetal beta cells.
In the present study, we supplemented culture medium with nicotinamide, an inhibitor of poly (ADP-ribose) synthetase, because it has been shown to be one of the most beneficial factors for maturation and replication of pancreatic endocrine cells. In the presence of 10 mM nicotinamide, DNA and insulin content increased significantly in the culture of human or porcine fetal islet-like clusters (Sandler et al. 1989; Korsgren et al. 1993; Otonkoski et al. 1993) . In addition, nicotinamide enhanced adhesion of adult porcine beta cells and inhibited fibroblast proliferation (Ohgawara et al. 1998) . After transplantation into nude mice, aggregated monolayers of human fetal pancreatic cells treated with nicotinamide demonstrated better maturation to endocrine cells than those without treatment (Beattie et al. 1996) .
When cells from neonatal porcine pancreatic monolayers were harvested, aggregated and transplanted under the kidney capsule, we found that 1-month-old grafts were mostly composed of endocrine cells. We presume that duct cells (the major component of aggregates) derived from monolayers differentiated in vivo into endocrine cells. Similar differentiation to beta cells was observed when fetal human pancreatic cells were reaggregated from monolayers and transplanted: reaggregation was crucial for graft survival, because monolayers retrieved and transplanted as single cells did not survive transplantation (Beattie et al. 1996) . Several studies have found that neonatal pancreatic cell clusters can proliferate, mature and normalize glycemia in diabetic recipients (Sandler et al. 1985; Otonkoski et al. 1993; Korbutt et al. 1996; Beattie et al. 1997b; Yoon et al. 1999) .
One of the most important impediments for successful transplantation in diabetes is protection from immune rejection. Genetic modification before transplantation may be a useful strategy to protect islet grafts from destruction by immune rejection and autoimmunity. Potential approaches include alteration of islet recognition, secretion of immunomodulatory proteins, or overexpression of anti-apoptotic proteins (Weir & Bonner-Weir 1997; Feng et al. 1999; Giannoukakis et al. 1999) . Among the commonly used tools for gene delivery, adenoviral vectors provide high levels of gene transfer and gene expression, but this expression only lasts for a short period of time. Alternatively, retroviral vectors allow sustained long-term gene expression by permanently inserting the genes into the host genome. However, a wider application of the conventional MLV-based retroviral vectors has been limited by the requirement of host cells needing to be replicating. Future work in transducing mature, non-dividing islets may benefit from the newly developed lentiviral vectors, which infect non-dividing cells with high efficiency (Naldini et al. 1996; Blomer et al. 1997) .
In this study, the high proliferation rate of duct cells on day three allowed for an impressively high gene transfer efficiency by the concentrated MLV vector. It is possible that sequential infection might result in an even higher level of transduction. In contrast, the transduction efficiency of beta cells was surprisingly low. While the fraction of cycling beta cells (determined by Ki-67 staining) was approximately 50% of that of duct cells, the transduction efficiency of beta cells was only approximately 5-10% of that found in duct cells. It is not clear at the moment whether the lower percentage of beta cells expressing ␤-gal was due to less proviral integration, less ␤-gal gene expression from integrated provirus, or both. Similar results were reported in a study by Leibowitz et al. (1999) , in which infectivity with an MLV-derived vector was much higher (approximately 20%) in monolayers of human fetal pancreatic cells than in beta cells only (<1%). The same authors also demonstrated that infectivity was enhanced when cells were cultured as monolayers compared to clusters in suspension. The diffusion of the viral particles to the center of the islets has been found to be a problem to achieve good infectivity rates in islets (Feng et al. 1999) , which makes monolayers a good alternative for viral transduction studies.
Success of transplantation of isolated adult human islets in the treatment of diabetes has been limited, even with the use of multiple donors (Brendel et al. 1999 ) and improved immunosuppression (Shapiro et al. 2000) . Adult islet cells have a very low replication rate (Lefebvre et al. 1998 ) and presumably lower potential for expansion than pancreatic fetal or neonatal tissue. In a comparison of grafts 3 months after transplantation of equivalent volumes of human adult islets and fetal islet cell clusters into nude mice, it was found that the fetal grafts contained more insulin than adult grafts (Hayek & Beattie 1997) . These findings support the idea that the presence of duct epithelial cells may improve graft survival. The fact that duct cells can be efficiently transduced with retroviral vectors to express immunoprotective genes makes them more attractive for further investigation.
In summary, our study indicates that it is possible to expand neonatal porcine pancreatic cells as monolayers consisting mostly of duct epithelial cells. This monolayer culture approach provides a useful model for the study of duct cell growth and neogenesis of islet cells. Moreover, these cells, particularly duct cells, grow rapidly in culture, and can therefore be used as targets for transfer of genes carried by retroviral vectors. After transplantation, the grafts were found to contain mostly endocrine cells, and this finding is consistent with the assumption that beta cells originate from duct cells. Because transplanted pancreatic duct cells appear to differentiate into endocrine cells in vivo, it seems possible that this strategy, with its efficient transduction, could lead to long-term gene expression in the beta cells contained in the grafts.
